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Camelpox virus (CMLV), a member of the Orthopoxvirus genus in the Poxviridae, is the etiologic agent of a disease of
camels. Here we report the CMLV genomic sequence with analysis. The 205,719-bp CMLV genome contains 211 putative
genes and consists of a central region bound by identical inverted terminal repeats of approximately 7 kb. A high degree of
similarity in gene order, gene content, and amino acid composition in the region located between CMLV017 and CMLV184
(average 96% amino acid identity to vaccinia virus (VACV)) indicates a close structural and functional relationship between
CMLV and other known orthopoxviruses (OPVs). Notably, CMLV contains a unique region of approximately 3 kb, which
encodes three ORFs (CMLV185, CMLV186, CMLV187) absent in other OPVs. These ORFs are most similar to B22R
homologues found in other chordopoxvirus genera. Among OPVs, CMLV is the most closely related to variola virus (VARV),
sharing all genes involved in basic replicative functions and the majority of genes involved in other host-related functions.
Differences between CMLV and VARV include deletion and disruption of a large number of genes. Twenty-seven CMLV ORFs
are absent in VARV, including seven full-length homologues of NMDA-like receptor, phospholipase D, Schlafen, MT-4
virulence, kelch, VACV C8L, and cowpox (CPXV) B21R proteins. Thirty-eight CMLV ORFs, some of which are fragments of
larger genes, differ in size from corresponding VARV ORFs by more than 10% (amino acids). Genome structure andIntroduction. Camelpox virus (CMLV) is the etiologic
agent of camelpox, a disease of camels and dromedar-
ies (7, 18). CMLV is a member of the orthopoxvirus
genus, one of eight genera within the Chordopoxvirinae
subfamily of the Poxviridae. CMLV, along with variola
(VARV), vaccinia (VACV), cowpox virus (CPXV), monkey-
pox virus, ectromelia virus, and taterapox virus, comprise
the African–Eurasian group of orthopoxviruses (OPVs).
Camelpox is widespread in the arid zones of Africa, the
middle-east, and central Asia. The disease in nature
causes significant economic impact attributable to high
morbidity (up to 100%) and mortality (up to 25%), which
results in a reduction in milk production and body weight
(18). Disease presentation varies from localized lesions
of the mouth, nose, muzzle, head, or neck to generalized
infection involving the skin and respiratory system (18).
Vaccination with attenuated strains of CMLV or VACV
leads to long lasting immunity (18, 34). Clear evidence of
human infection with CMLV virus has not been reported.
CMLV is one of the least studied OPVs and limited
1 To whom correspondence and reprint requests should be addressedDNA sequence information is available (Table 1). Restric-
tion endonuclease analysis only allows differentiation of
CMLV isolates by different geographic regions (8, 15).
Given the interest in understanding the genetic basis of
viral host range and virulence and the origin and evolu-
tion of OPVs related to VARV, we have sequenced and
analyzed the genome of a pathogenic field isolate of
CMLV.
Results and Discussion. Organization of the CMLV
genome. CMLV M-96 genome sequences were assem-
bled into a contiguous sequence of 205,719 bp, which is
slightly larger than a previous restriction enzyme-based
size estimate of 196 kb (8). Predicted HindIII restriction
fragments match previously published patterns (8). Be-
cause the hairpin loops were not sequenced, the left-
most nucleotide was arbitrarily designated base 1. The
nucleotide composition is 66.8% AT and is uniformly
distributed. As with other poxviruses, the CMLV genome
contains a central coding region bound by two identical
inverted terminal repeat (ITR) regions (Fig. 1). Assembled
CMLV ITR are 7736 bp and contain direct repeats and
coding regions. Twenty-seven copies of a perfect 71-bp
direct repeat, one 70-bp imperfect repeat, and one partialphylogenetic analysis of DNA sequences for all ORFs indicate that CMLV is clearly distinct from VARV and VACV and, as it
has been suggested for VARV, it may have originated from a CPXV virus-like ancestor. © 2002 Elsevier Science (USA)
repeat extend from position 1 to 2039 and from 197,984 toat Plum Island Animal Disease Center, P.O. Box 848, Greenport, NY
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TABLE 1
Features and Homologies of CMLV ORFs
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CMLV209 to CMLV211) are the present ITR regions. ITRs
also include 1385 bases of CMLV004 and CMLV208.
CMLV exhibits compact gene arrangement with few
overlapping ORFs and contains no apparent introns or
large regions of noncoding DNA. CMLV contains 211
putative gene-encoding proteins of 53–1869 amino acids,
which are similar to previously described poxvirus genes
(Fig. 1; Table 1). A 2.9-kb region contains CMLV185 to
CMLV187, ORFs absent from other OPVs and similar to
B22R-like genes from other chordopoxvirus genera (Ta-
ble 1). The conserved central genomic region (ORFs
CMLV017 to CMLV184) is collinear with VACV C9L to B8R
and contains 172 genes oriented in both directions. In
terminal genomic regions, genes are oriented largely
toward the termini.
Nucleic acid biogenesis, virion structure, and virion
assembly. CMLV contains all the conserved poxviral
genes involved in basic replicative functions, including
genes encoding the DNA polymerase, RNA polymerase
subunits, mRNA transcription initiation, elongation and
termination factors, and enzymes which direct posttran-
scriptional processing of viral mRNA (19) (Table 1). CMLV
contains a complement of nucleotide metabolism genes
similar to those found in other OPVs. These CMLV pro-
teins potentially involved in nucleotide metabolism in-
clude homologues of thymidine kinase, thymidylate ki-
nase, dUTP pyrophosphatase, and the large and small
subunit of ribonucleotide reductase (Table 1).
CMLV encodes homologues of most OPV proteins
known to be structural or involved in virion morphogen-
esis (Table 1). These include proteins present in the
virion core, proteins present in the intracellular mature
virus (IMV) and associated membranes, potential en-
zymes involved in protein modification, DNA packaging
and redox activity, and proteins associated with the re-
lease of extracellular enveloped virions (EEV) (Table 1).
Host-related functions. CMLV contains genes which
likely function in modulation or evasion of host immune
responses, modulation or inhibition of host cell apopto-
sis, and other aspects of cell or tissue tropism. CMLV
proteins potentially involved in immune evasion include
homologues of a 35-kDa chemokine-binding protein
(CMLV001 and CMLV211), tumor necrosis factor receptor
II crmB (CMLV002 and CMLV210), complement binding
protein (CMLV023), double-stranded RNA-dependent
protein kinase inhibitors (CMLV032 and CMLV055),
TABLE 1—Continued
Note. Shaded areas indicate length differences with CMLV (10%). Thick line boxes indicate OPV ORFs fragmented in CMLV. Thin line boxes
indicate CPXV sequences not available. NA indicates nonannotated and NN no name available.
a % ID refers to the percentage of amino acid identity in the BLASP2 analysis.
b Accession numbers are from the GenBank or SwissProt database.
c Virus abbreviations are as described in the text and as follows: ECTV, ectromelia virus; LSDV, lumpy skin disease virus; YMTV, yaba monkey tumor
virus; and MYXV, myxoma virus.
d Function was deduced either from the degree of similarity to known genes or from the presence of Prosite signatures. SP, signal peptide
prediction; TM transmembrane segment as predicted by Psort (http://psort.nibb.ac.jp) (31, 33).
e Homologous ORF from the variola virus Bangladesh genome (Accession No. L22579).
f Homologous ORF from the vaccinia virus Copenhagen genome (Accession No. M35027).
g Homologous ORF from cowpox virus GRI-90 (Accession Nos. Y11842 and Y15035).
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Stat1-inhibitor (CMLV097) (22), serine proteinase inhibi-
tors (CMLV031, CMLV191, CMLV205), CD47-like protein
(CMLV 158), IL-1/Toll-like receptor inhibitor (CMLV166)
(5), interferon- receptor (CMLV184), and interferon-/
binding protein (CMLV201) (20).
CMLV encodes homologues of poxviral proteins
known to affect viral virulence or host range (Table 1).
These include homologues of VACV C7L host range
(CMLV019) (25), N1L virulence (CMLV026) (16), and
A14.5L virulence (CMLV132) (4) proteins, myxoma
(MYXV) M-T4 virulence protein (CMLV188) (3), and a
homologue of rabbit fibroma virus (RFV) N1R/ectromelia
virus p28 host range factor (CMLV013) (28) (Table 1).
CMLV encodes a unique complement of 12 ankyrin re-
peat-containing proteins (Table 1), which are believed to
be associated with functions involving viral host range
and prevention of infection-induced apoptosis (21). It has
been suggested that the specific complement of ankyrin
genes found in a poxvirus significantly affects viral viru-
lence or host range, and this may be the case for CMLV
(2, 29).
Notably, CMLV006 is a homologue of CPXV S1R and
human CGI-119 (Accession No. AF151877) (71% amino
acid identity). The function of these viral and cellular
S1R-like genes is unknown; however, they resemble the
glutamate-binding subunit of the cellular N-methyl-D-
apartate receptor (NMDA) and contain putative signal
peptide and transmembrane domains. The glutamate-
binding subunit is a component of a receptor complex
capable of forming L-glutamate-activated ion channels
(17). CMLV and CPXV are the only known poxviruses
containing this gene.
Several CMLV ORFs with potential host range and
virulence functions are truncated, or in some cases frag-
mented, compared to viral and cellular homologues.
These include ORFs representing regions of the crmE
TNF-R homologue (CMLV007), VACV K1L host range pro-
tein (CMLV030) (25), the semaphorin-like protein
(CMLV159), guanylate kinase (CMLV177), VACV B7R vir-
ulence protein (CMLV183), and multiple regions of VACV
B16R IL-1 binding protein (CMLV193, CMLV194, and
CMLV196) (Table 1). These smaller ORFs which have
been annotated here may or may not encode functional
proteins.
Comparison of CMLV to other orthopoxviruses. CMLV
is similar to other OPVs in overall genome structure and
composition. Gene order, ORF length, and amino acid
identity are most conserved in the region located be-
tween CMLV017 and CMLV184 (Table 1), which is col-
linear with VARV and VACV (average 96% amino acid
identity to VACV) (Table 1). Exceptions include the lack in
CMLV of homologues of VARV C1L, E7L, A26L, A27L,
A39L, A42R, B2L, B3L, and B4L, and of homologues of
VACV K6L, A25L, A40R, A52R, and A53R.
Genomic differences between CMLV and other OPVs
are greater in terminal regions (CMLV001 to CMLV017
FI
G
.1
.G
ra
ph
ic
al
re
pr
es
en
ta
tio
n
of
th
e
le
ft
(A
)a
nd
rig
ht
(B
)g
en
om
ic
co
di
ng
re
gi
on
s
of
C
M
LV
al
ig
ne
d
w
ith
th
os
e
of
VA
R
V,
VA
C
V,
an
d
C
P
XV
.O
R
Fs
tr
an
sc
rib
ed
to
th
e
rig
ht
ar
e
lo
ca
te
d
ab
ov
e
ho
riz
on
ta
l
lin
es
;
O
R
Fs
tr
an
sc
rib
ed
to
th
e
le
ft
ar
e
be
lo
w
.
N
uc
le
ot
id
e
po
si
tio
ns
ar
e
in
di
ca
te
d
ab
ov
e
O
R
Fs
.
R
ed
co
lo
r
in
di
ca
te
s
di
ffe
re
nc
es
be
tw
ee
n
C
M
LV
an
d
VA
R
V,
in
cl
ud
in
g
O
R
Fs
w
ith
si
gn
ifi
ca
nt
le
ng
th
di
ffe
re
nc
es
(
10
%
)a
nd
O
R
Fs
pr
es
en
ti
n
on
ly
on
e
vi
ru
s.
H
at
ch
in
g
in
di
ca
te
s
O
R
Fs
tr
un
ca
te
d
in
co
m
pa
ris
on
w
ith
th
e
lo
ng
es
t
O
P
V
ho
m
ol
og
ue
(
10
%
).
Th
ic
k
lin
es
at
th
e
en
ds
of
th
e
fig
ur
e
in
di
ca
te
IT
R
.B
ox
1
m
ar
ks
a
C
M
LV
re
gi
on
tr
an
sl
oc
at
ed
in
co
m
pa
ris
on
to
C
P
XV
.B
ox
2
m
ar
ks
a
re
gi
on
w
ith
C
M
LV
-s
pe
ci
fic
B
22
R
-li
ke
O
R
Fs
.
5RAPID COMMUNICATION
and CMLV184 to CMLV211) where ORF collinearity and
average amino acid identity decreases (82% to VACV)
due to small and large nucleotide insertions, deletions,
and translocations. Notable differences are the deletion
from the left end of the CMLV genome of a 14.5-kb region
which is present in CPXV (Fig. 1) and the insertion of a
2.9-kb region (position 172,582 to 175,508), which is ab-
sent in VACV and CPXV (Fig. 1, Box 2). This region
contains three small ORFs (CMLV185 to CMLV187) with
limited similarity to regions of CMLV207 and its OPV
homologues, VARV and CPXV B22R (up to 31% amino
acid identity), but more closely resembles regions of
B22R homologues found in other poxviral genera includ-
ing capripox, yatapox, and leporipoxviruses (Table 1).
These CMLV ORFs likely represent fragmented remains
of a second B22R gene. This region also includes 510 bp,
which are unique to CMLV (position 172,582 to 173,090)
and VARV and corresponds to a region of CMLV185;
however, VARV does not contain an ORF within this
region (Table 1, Fig. 1).
CMLV is distinct but closely related to VARV and VACV.
BLAST analysis of CMLV ORFs indicates that they are
most similar to VACV and VARV, and in some cases to
available CPXV ORFs (Table 1). Phylogenetic analysis of
all CMLV proteins using maximum-likelihood and neigh-
bor-joining distance methods indicates that CMLV is
clearly separated (high bootstrap support) and nearly
equidistant between VARV and VACV (data not shown).
Nucleotide-based maximum-likelihood analysis of all
genomic regions coding for CMLV ORFs also clearly
separates CMLV from VARV and VACV (Fig. 2 and data
not shown). This analysis on nucleotide sequences sug-
gested that 59% of the 211 CMLV coding sequences
were most similar to VARV, with the remainder being
closer to VACV or CPXV. The phylogenetic distance be-
tween VARV and CMLV at the nucleotide level was con-
sistently smaller than the distance between VARV and
VACV, suggesting that CMLV is the closest known rela-
tive of VARV (Fig. 2).
Genomic differences, which include nucleotide inser-
tions and deletions (1–4.8 kb), affect a number of CMLV
and VARV genes involved in virulence and host range.
CMLV contains 27 ORFs absent in VARV, including ho-
mologues of NMDA receptor-like protein (CMLV006),
TNFR II crmE fragment (CMLV007), ankyrin repeat pro-
teins (CMLV016, CMLV208), phospholipase D-like pro-
tein (CMLV033), lysophospholipase-like protein fragment
(CMLV034), Schlafen-like protein (CMLV179), M-T4-like
virulence protein (CMLV188), kelch-like proteins (CMLV174
and CMLV189), interleukin 1 receptor (IL-R) fragments
(CMLV193, CMLV194, CMLV196), VACV K1L-like host
range fragment (CLMV030), additional copies of
CMLV001–CMLV003 found in the left ITR of CMLV, and 17
ORFs of unknown function (Table 1). Conversely, CMLV
lacks homologues of VARV interleukin-18 binding protein
(D7L), ankyrin repeat protein (D8L), ATI-like proteins
(A26L and A27L), and ORFs of unknown function (A39L,
A42L, B2L, B3L, B4L, B9R, and B10R). Thirty-eight CMLV
ORFs are significantly different in length from corre-
sponding ORFs in VARV (10% difference) (Table 1).
CMLV ORFs significantly shorter than those in VARV (19
ORFs) include homologues of VACV C10L (CMLV011 and
CMLV012), semaphorin-like protein (CMLV159), ankyrin
repeat host range protein (CMLV015 and CMLV017), and
guanylate kinase (CMLV177). CMLV ORFs significantly
longer (19 ORFs) than those in VARV include homologues
of ankyrin repeat proteins (CMLV004), kelch-like proteins
(CMLV038 and CMLV175), hydroxysteroid dehydroge-
nase (CMLV164), IMV membrane protein (CMLV126),
serine-threonine kinase (CMLV190), SPI-2 serpin (CMLV191),
and ORFs of unknown function (Table 1). Although some
of these length differences may have no functional sig-
nificance, others are likely to affect aspects of host range
and may functionally differentiate CMLV from VARV.
CMLV ORF arrangement, content, and length suggest
that it may have originated from a CPXV-like ancestor
(Table 1 and Fig. 1) (2, 29). Similar to VARV and VACV,
CMLV ORF arrangement is collinear with CPXV in the
variable terminal regions except for the absence in
CMLV of large genomic regions found on the left (D6L
to C4L and C7R to C10) and right (K1R to K2R) ends of
the CPXV genome (Fig. 1). A genomic translocation
(CMLV006–CMLV007) (Fig. 1, Box 1) and insertion of
B22R-like ORFs (CMLV185–CMLV187) also differentiate
CMLV from CPXV. CMLV contains CPXV-like genes and
genomic regions that are significantly different or absent
in VARV or VACV, supporting the notion that CPXV con-
tains the most complete OPV genome (Fig. 1; Table 1).
Twenty-eight CMLV ORFs are significantly shorter
(10%) than the 19 homologous CPXV ORFs (Fig. 1,
hatched boxes; Table 1) and thus may represent non-
functional truncated proteins or gene fragments. These
features suggest an overall reduction in coding capacity
during adaptation of poxviruses to a more specific host
range and are consistent with similar events in other
organisms (23).
Conclusions. CMLV gene content and organization
indicate a close structural and functional relationship to
other OPVs, and phylogenetically CMLV may be the clos-
est relative of VARV. Genes involved in basic replicative
mechanisms including mRNA biogenesis, DNA replica-
tion, and virion structure and assembly are highly con-
served. Major genomic differences between CMLV and
other OPVs occur in terminal genomic regions affecting
a large number of genes with likely functions involving
virulence or host range. The differences clearly distin-
guish CMLV from other OPVs. CMLV genomic sequence
provides a basis from which comparisons with other
OPVs may be made, thus contributing to our understand-
ing of the genetic basis of OPVs virulence and host
range.
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Materials and Methods. CMLV DNA isolation, cloning,
sequencing, and sequence analysis. CMLV genomic
DNA was extracted from purified virions obtained from
sheep kidney cells infected with the pathogenic M-96
strain (Mangistauskiy), which was isolated from sick
camels in Mangistausskaya oblast, Kazakhstan. Virus
was passaged once in 11-day-old chicken embryos and
twice in sheep kidney cells. Viral DNA was extracted
using standard isolation procedures (35). Random DNA
fragments were obtained by incomplete enzymatic di-
gestion with Tsp509 I endonuclease (New England Bio-
labs, Beverly, MA). DNA fragments of 1.0–6.0 kb were
cloned into the dephosphorylated EcoRI site of pUC19
plasmids and grown in Escherichia coli DH10B cells
(Gibco BRL, Gaithersburg, MD). Double-stranded pUC19
plasmids were purified using alkaline lysis according to
FIG. 2. Phylogenetic analysis of (A) DNA polymerase; (B) RPO147; (C) major coat protein P4b; and (D) RPO132. DNA sequences from complete
genes were aligned with ClustalW. Unrooted trees were generated using maximum likelihood with the HKY model of substitution and 1000 bootstraps
(12). Bootstrap values greater than 90% are in bold. Bar indicates nucleotide distances. Similar results were obtaining using neighbor joining analysis
(data not shown).
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the manufacturer’s instruction (Eppendorf 5 Prime, Boul-
der, CO). DNA templates were sequenced from both
ends with M13 forward and reverse primers using
dideoxy chain-terminator sequencing chemistries (27)
and the Applied Biosystem PRISM 3700 automated DNA
sequencer (PE Biosystems, Foster City, CA). Chromato-
gram traces were base-called with Phred (10), which
also produced a quality file containing a predicted prob-
ability of error at each base position. The sequences
were assembled with Phrap (9) and CAP3 (14) using
quality files and default settings to produce a consensus
sequence with some subsequent manual editing using
the Consed sequence editor (13). Gap closure was
achieved by primer walking of gap-spanning clones and
sequencing of PCR products. The final DNA consensus
sequence represented on average sevenfold redun-
dancy at each base position and the estimated error rate
was 0.13 base per 10 kb. ORFs longer than 30 amino
acids with a methionine start codon were evaluated for
coding potential using the Glimmer (26) computer pro-
gram. Genomic comparisons were done with Sim2,
Blast, and Smith–Waterman alignments (1, 6, 24). Multiple
alignments and phylogenetic analysis of annotated ORFs
were done with Phylo_Win (11, 12) and Tree-Puzzle (32).
Due to the high percentage amino acid identity in ORFs
contained within the conserved central region (97%)
and to maximize the number of informative changes,
phylogenetic comparisons among OPV ORFs were also
done at the DNA level.
CMLV was compared to variola major virus strain
Bangladesh-1975 (GenBank Accession No. L22579) and
vaccinia virus strain Copenhagen (GenBank Accession
No. M35027) and to available cowpox virus sequences
from strain GRI-90 (GenBank Accession Nos. Y11842 and
X94355). All references to VARV, VACV, and CPXV refer to
these strains unless indicated otherwise.
Nucleotide sequence accession number. The CMLV
genome sequence was assigned GenBank Accession
No. AF438165.
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